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shifted from those appearing in Table XII, indicating that the hydraulic

lines caused an increase in stiffness for the first, third and fourth

modes while adding an apparent mass to modes five and six. These new

modeshapes appeared to be similar to the old ones, but additional

measurements will be necessary to quantify them • exactly.

Damping was also measured for the first three modes with the

hydraulic lines connected. With the shaker disconnected, modes one and

two were excited by hand. The method of logarithmic decrement’2’13 was

then used to obtain damping estimates from decay traces on an oscillo-

scope. For harmonic motion at the resonant frequency

• 9 a • In (2.8)

where

• g Vs the structural damping

N is the nI~~er of cycles

XP Is the initia l amplitude

:~~ 
XQ Is the ampl itude after n cycles.

Damping for the third mode was obtained by exciting the model with the

shaker and accurately measuring the phase lag angl e of the response for

• slight frequency variations near the resonant point. The variable

phase oscillator shown In Figure 13 was used to measure the phase
variations . Damping values could then be calculated from

___ - ______________________________
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g a tan + (1 - r2) (2.9)

where

g is the structural damping
• $ is the phase angle by which the response lags the

forcing function

• r is the ratio of excitation frequency to resonant

frequency.

The results of the damping measurements are given in Table XIV.



III. ANALYTICAL FLUTTER ANALYSIS

• 
The objective of the current flutter analyses was to evaluate

the uncontrolled flutter speeds of the modified University of Texas

version of the AFFDL model and, if necessary, reduce these speeds and
frequencies to a level more compatible with the operating limitations
during the wind tunnel tests. The 60 degree sweep configuration was

examined for various combinations of fuselage stiffness and wing-tail

horizontal separation, X , as shown in configurations 1 - 6 of Table XV.

Configuration 3 was then chosen for additional modification since it

had the lowest flutter speed of all the cases possessing strong wing

In terference effects (small values of X).
The modifications for the 60 degree sweep case included pitch

and roll spring stiffness changes and the addition of lumped mass to

nodes 6 and 7 at the tip trailing edge of the main wing (see Fig. 12).

Criteria for the addition of the lumped mass was obtained from Reference

12, which shows the general effects of concentrated mass locations on

the flutter speed of swept wings. As much as 20% of the total wing mass
(10% in each of the outer two sections) was added during the analysis.

Additional configurations were investigated in order to study
the effect of wing sweep on the flutter speeds of the modified and

unmodified model. The configurations that were evaluated and the results

obtained are given in Table XV . In all cases , the flutter speeds and

frequencies were determined by the k-method of analysis using the zero

M
26

_~i~i~~~!r 
——



27

TABLE XV

• ANALYTICAL FLUTTER RESULTS

• Wh - VNo. Sweep — X Modification F F
03

9 (ft ) (ft/sec) (Hz)

1 60° .8 .25 None 137 6.8
2 600 .8 .90 None 140 6.4
3 60° .6 .25 None 136 7.3

(l62)t (7.5)
4 600 .6 .90 None 136 6.9
5 60° .4 .25 None 140 8.0
6 60° .4 .90 None 142 7.4
7 60° * .25 Ml,(a.) 124 6.6
8 60° * .25 M2,(a.) 121 6.2

• 9 60° * .25 R,(b.) 139 7.0
10 60° * .25 P ,(c.) 119 7.0
11 600 .6 .25 PM,(d. ) 107 5.7
12 45° * .99 None 155 7.2
13 45° 1 .99 PN,(d.) 107 4.9
14 25° * 1.65 None 186 8.3
15 25° 1 1.65 PN,(d.) 150 4.9

x a Wing-Tail Horizontal Separation
* Same fuselage stiffness as configurations No. 3 and 4
• Same fuselage stiffness as configuration No. 11
t Antisynmietric aerodynamics Instead of syannetric
(a.) 1. 10% of wing mass added at tip trailing edge

2. 20% of wing mass added at tip trailing edge
(b.) Roll spring flexibility increased by 50%
Cc.) Pitch spring flexibility increased by 50%
Cd.) 50% increase in pitch sPring flexibility and 20% of wing mass

added at tip trailing edge

_ _ _ _ _  

_ _ _ _ _  

•
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value of structural damping as the instability point. Computer plots

of damping versus velocity are shown in Appendix D for the configurations

listed in Table XV . Al so, plots of t~e flutter modes for the 25, 45,

and 60 degree cases are given in Appendix E for both the standard and

modified models. It should be pointed out that these plots can display

• the character of the flutter eigenvector at only one instant of time

• (t a 0) and may not give a complete view of the flutter motion and pos-

sible node line movement. A true picture of the entire flutter mode

can be obtained by displaying the real part of the complex response of

each structural point throughout one entire cycle of motion.

The subsonic, uncontrolled, flutter analyses for the AFFOL

• model were carried out by formulating the flutter eigenvalue problem in

terms of the natural vibration modes.12’14 The current study employed,

as the generalized coordinates, the first six natural modes , which were

determined by the methods of Section II and Appendix A. The flutter

equation could then be cast In the following form 9

[K] ’ [(m] + g(p) [Q]] {q} X {q} (3.1)

where

(K] is the generalized stiffness matrix (Ref. Appendix A)

(m) is the generalized mass matrix (Ref. Appendix A)

(QI is the complex generalized aerodynamic coefficient

matrix

A Is a complex eigenvalue, IJ,.1I

H 
_ _  

_ _  

_ _
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• C2 Sp
.g(p) is r

Cr Is the effective root chord

S is the area of the wing semispan
p is the air density
{q} are the normalized complex eigenvectors

The unsteady generalized aerodynamic force coefficients used

in Eq. (3.1) were calculated by the
y 
doublet-lattice method of Reference

20, whIch was developed for the analysis of planar interfering wing/

horizontal-tail configurations. These aerodynamic coefficients were

then modified as shown by Frederick21 to make them compatible wi th the

form of Eq. (3.1). Before computing the above aerodynamic force terms,

• the structural modes were interpolated to the aerodynamic grid with a

local least squares fitting technique developed by Cwach.1 The aerody-

namic modeling for the 25, 45, and 60 degree sweep cases is shown in

Figure 15. 
-

All of the flutter analyses in the present study were evalu-

ated for subsonic flow at M a 0.4. This Mach nun~er was chosen to

encompass all possible wind tunnel test regimes while remaining In the

region of fully incompressible flow. It is shown for similar analyses

in Reference 9 that flutter speed variations with Mach number are

negligible below N • 0.5.

An additional consideration in the flutter analysis Is that

V LE~~~~~
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the half—span AFFDL model Is suspended such that it simulates anti-

syninetric vibration modes and mirror Image aerodynamics. It Is

assumed that the wind tunnel wall represents a reflecting plane through

which no flow penetrates. This requires that the generalized aerodynamic

forces be calculated assuming a syninetric loading since the image

system is performing a syn~netric motion to satisfy the flow boundary

condition. Due to the antisyninetric vibrational characteristics and

the syimietric aerodynamics, the current study approximates only the

antisynnuetric flutter modes under wind tunnel test conditions. For

comparison, one test case was tried with antisynmietric aerodynamics and

the results are given in Table XV and Appendix D.

T~ I :~
_
~T~ 

• 
•______



IV . CONCLUDING REMARKS

The results of this study have demonstrated very good

agreement between the analytical vibrational modes and frequencies

and those obtained experimentally for the 60 degree sweep configuration.

Additionally, the trends of the analytical vibration studies were in

general agreement with the results given in References 1 and 9,

indicating that the lumped mass dynamic modeling used in this study

was quite satisfactory. All differences between experimental and

theoretical results remained within 5 percent.

It has also been demonstrated that easily made modifications

to model stiffness and mass could be used to reduce the flutter speeds

• and frequencies In order to remain within the model ’s operating

limitations during wind tunnel testing. The flutter speed for the

60 degree configuration was reduced as much as 21 percent by a combina-

tion of decreasing the pitch spring stiffness and adding concentrated

masses near the tip trailing edge of the wing.

Additional analysis for several wing sweep configurations

has indicated that flutter speeds of the model can be increased

substantially by sweeping the wing forward to 25 degrees, and thus

removing it from close proximity to the tail. Therefore, the emergency

wing sweep mechanism, which rapidly sweeps the wing forward on coninand,

should be effective in stopping the flutter if any violent instability

is encountered. The significant variations of flutter speed with

wing sweep were attributed to changes in the aerodynamic interaction

31
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between the wing and tail since all other model parameters were

constant as the geometry was altered. In all of the configurations

analyzed, the mode of instability remained the same.

When using the results of this study to determine control

laws and to predict the wind tunnel behavior of the actively controlled

• model , the following things should be considered:

1. The hydraulic links In the dynamic model were considered to

be rigid; in actuality , they possess some stiffness charac-

• 
• teristics which were not determined In this study.

Additional experimental investigation of the model ’s

dynamic properties with a pressurized control system is

desirable.

2. The aerodynamic modeling used in the flutter analyses

assumes smooth , uniform flow over the wing and tail and

does not include the effects of interference between the

fuselage housing and the wing-tail combination. Studies

of the flow properties around the model for a particular

wind tunnel installation will be required to assess the

validity of these assumptions and additional aerodynamic

fairings may be required to produce desirable flow qualities.

3. Previous experience has shown the doublet-lattice aerodynamic

code used in this study to be conservative in predicting

flutter speeds. Also, since the zero value of structural

-.
~~~~~-—.• - -_-

• __  
~~~~~~~~~~~~~~~~~~~~~~ 
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damping was used as the instability point, some of the

indicated flutter speeds may increase by as much as

5 ft/sec when the true structural damping is used.

t

_____________ 
_ _ _ _ _  

I
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• Figure 3. Installation of Modified AFFDL Wing—Tail Flutter Model
in 7 Ft. by 10 Ft. Subsonic Wind Tunnel
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t Figure 4. Win g Construction of AFFDL Model



• Figure 5. Schematic of Static Unbalance Measurements
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Figure 6. Schematic of Inert ia Measurements
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AFFDL 45° Modeshapes , *
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AFFOL 45° Modeshapes , , PM
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AFFDL 45° Modeshapes , , PM
p

/

— —  

Mode 4 wl = 12.3 Hz

,<7\ / 1

• - • • S 55 
‘
~
•
~~ S’5/ - --

~~~~~~ ~~~~~~~~

• • 

~~~

Mode 5 w = 1 8 . O Hz

H 
__

Mode 6 A ) — 2 1 . 2 Hz

_ _ _ _ _ _ _ _  
______ a

_ _ _



68
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AFFDL 250 Modeshapes , *

Mode 4 w =  13.8 Hz
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APPENDIX 0

PLOTS OF DAMPING VS. VELOCITY AND

FREQUENCY VS. VELOCITYI-

t For abbreviations and symbol s , reference Table XV .

75

‘55’
55 —S~~~ ,.—•-—. 

S 



- .~~~~~---~~~~~

76

g
5 0

0
td

0

0

______

. . . S $ • • ~~

~,

i~~.’o’~~~ ~~~~ 2b0.o sbO.o *o.O 4bo.Q
V E lO CITY  ( F T / 5~~ C )

03 -
AFFDL 60 , -~~ 

— 0.8 , X — .25 FT

. 5  . 555 - - .  - . ~~~~~~~~~~~~~~~~ . s5~~~~

55.. . S



77

0

C,

0

C
N

0

0

__________ 

~~~~~~~~~~~~~~~~~~~~~~~ 0

S • S S • • -I I

~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

31070 4 b0 .0

V EL OCITY ( ET/SEC )

AFFOL 6O° ,?—0.8 ,~~ - O.9 FT .5

• 0

—5 5 5 .5. S5~~~ —__5—— . . _..._~~~~ ~~~~

.• . . .
•

.

_ I • . . . . .~. . .
. 

5 _ .• . .• ~ ~~ .~ ~~ 



p 78

a
0

a
a

V E lO CIT Y  ( ET / S E C )

o ~~~ 

0

c~~c

C,
z
.-0

I.., .’,

H ~ • • • • • .— • • —.

~D.O~~~~~~b.O i~~~.o i~
ä5.b’ ’~~ 2OO.’O 2bO .O~~~~~~

’O O. O 0.0 4b0.O
V El OCITY (T T / S f C )

AFFDL 6O° ,~~!1~~O.6 , X — O . 2 5 FT

- 5 . -  . . 5 -- -  -—----~~~ ~~~~~~~~~,



79

0

a ~~~ • ~~~~~ ~P..P 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

us..
~~~

— 
S S 5

- U ..
a
‘b.o .o l o ~~

’ ’,~~~o zbó.b i~ .b ~~ o i~ V0 
VELOCITY IFT/SEC I

AFFDL 600 , - O~6., X — .25 FT , Antisynmietric Aerodynamics



.— -_S-- S . ._S.._- .—--- .—._-_ _-—. - - . .~~ 5
.

80

a
a

a
N

__

.

o . ’o ~~~ ibb~o o~o i o ”~~b.b 
V E L O C I T Y  (F T/ S EC J

AFFDL 6O° ,~~~ ‘ 0.6 , X - 0 . 9 FT

5. — -—



5-. . .
- ,

81

a

0

a
a

V E L O C I T Y  ( F T / S  C )
0 50.0 100.0 50.0 200.0 250.0 3p0.O 3~0.O 400.0

H

u.n
p .  • • S •  S S S

bb’ o ~bb~o o.~o 2W.o ~~~
‘O d.o 

V E L O C I T Y  I F T /S EC I

(1) -
AFFDL 60° , 0.4 , X - 0.25 FT

~~~~~~ ~~~~~~~~



82

a

N

C,

U

___  

0p..p 00 

--

- 
~~ . p S S • 

I~0.O 2bö~.O ~~~~ ~bb .b ~~~~ 4b,o.o
V E L O C I T Y  (FT/SEC )

AFFDL 6O° ,~~~-0 .4 , X-0 .9 F7(Al
e

~ 

- ~ . 

5 

5- 5----- - - S ~~~~~~~~~_



83

aI,
a

a
N

- C?

1~, 0I. —

C,

r

~

,-

~

E

~

ri ”,,2

~ 

V E LO C ITY ( F T / S Et)

AFFDL 60° , * , X — 0.25 Fl, Ml

S S_5 
_ _ _ _ _ _ _ _ _  

_ _ _
S . - ~~~~~~~~~~~~~~~~~~~~ - . -~~~~~~~~ . - -. -~~~~

S.
~~~~~ ~~~~~~~~~~~~~~~~~~~ .5



84

• 2
a

aISa
0

a

I;

V E L O CIT Y  (FT/SFC )

~~ o so.o ioo

,
fo.o 2oo.o 2w.o 3oo.o~~~ so.o .oo.o

(.5.’

• .——--. 5 —•

Ui a

5’ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
4~~~~Q

VELOCITY ( FT/SE C )

AFFDL 60° , * , 0.25 FT , R



85

V E L O C I T Y  (FI/SEC ) 

2PP. ~~~~~~ 0 0  2 0 0  
~~~~~~~~~~~~ 

. 5

I_i ac-
5’

~rrrnrI.  v-fl n v-ISv-v-vt?, rnfl ~~~~~~~~~~~~~~~~~~ rt r.rr 
~O.0 S0.O 100.0 )W.O 2b0.D ~hè.o 700 .0 3~,0.0 4b0,0

V E L O C I T Y  (P T/ S E C )

AFFDL 60° , * , X — 0.25 FT , P

• 

—
-.
~~~~~~~~~~ 

- 
.
~~~ 

, ‘



.~~~~~~~~~~~~~~~~~~~~~~~~
— 

-. - -

a 
86

C,

H
0

‘

°

~~~~~~

0

C,

C,

4 -

J 55

9~ o
’S1 ” ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V~ I. O C I T Y  FT/SEJ C I a

AFFDL 60° , — . 0.6 , X - 0.25 FT , PM 

..S. .
. ~~~~T ~ . , ~~ø ”~~~~~~



87

a 
0

0

0
N

0

a
C,

VELOCITY (FT/SEt )a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2~p,.p ~p~o5.~o 3~~ .0 lpO.0

- . 
~~~~0 w —K- , OS -;

~~ \ N
a

1 C,

C,r
‘I,

~ S

U 
_ _  _ _‘bo  “~~b o  tbo o ‘ 0  5 0 0  O o 3 ~~~~~~

5-
~’0nD

V E L O C I T Y  ( F T/SE t )

AFFDL 45° * , X - O  99 FT

U

5-- 5. _ _ _ _ _ _-  
_ _ _



88

0

a

F?

V E L O C I T Y  IF T/ S E C ) 

~~ 
t O  .0 ISO.0 200.0 250.0 300.0 3~o.o 4po.o

H-

H
~~a

4’o”•”’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
V EiO C ITY ( FT / S EC )

AFFDL 450 , , — 0.99 FT , PM

5.—S. .-—-.  _ - S- 
S . 5 _______

- 
-

‘ :~
‘t~ ~~~~-5 -55 ..., v--. ~~~~ ~~

.U. 
- ‘ - -


